Can reading-specific training stimuli improve the effect of perceptual learning on peripheral reading speed?  by Bernard, Jean-Baptiste et al.
Vision Research 66 (2012) 17–25Contents lists available at SciVerse ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresCan reading-speciﬁc training stimuli improve the effect of perceptual learning
on peripheral reading speed?
Jean-Baptiste Bernard ⇑, Amit Arunkumar, Susana T.L. Chung
School of Optometry, University of California, Berkeley, Berkeley, CA 94720-2020, United States
a r t i c l e i n f oArticle history:
Received 10 December 2011
Received in revised form 21 May 2012
Available online 28 June 2012
Keywords:
Perceptual learning
Reading
Letter recognition0042-6989/$ - see front matter  2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.visres.2012.06.012
⇑ Corresponding author.
E-mail address: jb.bernard@berkeley.edu (J.-B. Bera b s t r a c t
In a previous study, Chung, Legge, and Cheung (2004) showed that training using repeated presentation
of trigrams (sequences of three random letters) resulted in an increase in the size of the visual span
(number of letters recognized in a glance) and reading speed in the normal periphery. In this study,
we asked whether we could optimize the beneﬁt of trigram training on reading speed by using trigrams
more speciﬁc to the reading task (i.e., trigrams frequently used in the English language) and presenting
them according to their frequencies of occurrence in normal English usage and observers’ performance.
Averaged across seven observers, our training paradigm (4 days of training) increased the size of the
visual span by 6.44 bits, with an accompanied 63.6% increase in the maximum reading speed, compared
with the values before training. However, these beneﬁts were not statistically different from those of
Chung, Legge, and Cheung (2004) using a random-trigram training paradigm. Our ﬁndings conﬁrm the
possibility of increasing the size of the visual span and reading speed in the normal periphery with per-
ceptual learning, and suggest that the beneﬁts of training on letter recognition and maximum reading
speed may not be linked to the types of letter strings presented during training.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
People who lose their central vision due to retinal diseases such
as age-related macular degeneration often have difﬁculty reading
(Legge, 2007; Rubin, 2001). Indeed, reading is the primary goal
for visual rehabilitation of the visually impaired (Elliott et al.,
1997). The poor reading performance of people with central vision
loss has been attributed to both oculomotor and early sensory
factors (Legge, 2007). Early sensory factors include the limited
visual acuity in the periphery (e.g., Mandelbaum & Sloan, 1947;
Wertheim, 1980; Westheimer, 1979; Weymouth, 1958), crowding
(e.g., Bouma, 1970; Levi, 2008; Pelli, Palomares, & Majaj, 2004) and
slower processing time (Cheong et al., 2007). Legge et al. (2007)
proposed that the visual span, the number of characters that can
be recognized in a single ﬁxation, represents the sensory bottle-
neck on reading. The evidence for the visual span as a primary lim-
itation on reading speed was based on the signiﬁcant correlations
between the size of the visual span and reading speed for different
print sizes, print contrast and testing eccentricities. These results
further conﬁrm the link between letter and word recognition
(Legge, Mansﬁeld, & Chung, 2001; Pelli, Farell, & Moore, 2003).
The correlation between the size of the visual span and reading
speed implies that an increase in the size of the visual span shouldll rights reserved.
nard).result in a corresponding increase in reading speed. Chung, Legge,
and Cheung (2004) tested this prediction and showed that follow-
ing four sessions of intensive training of trigram (random se-
quences of three letters) letter recognition at 10 eccentricity in
the periphery in a group of normally sighted young adults, the size
of the visual span became larger. More importantly, there was an
accompanied improvement in reading speed at the same eccentric-
ity, despite the fact that observers were not trained on a reading
task. In that study, the perceptual learning task consisted of repet-
itive presentations of three random letters. However, English
words do not comprise chunks of random letters. Instead, there
are typical sequences of letters within words that are deﬁned by
strict linguistic rules, implying that there exist letter combination
regularities in reading text. These regularities imply the existence
of frequent letters (e.g., t, e), frequent bigrams (e.g., on, th) and fre-
quent trigrams (e.g., the, ion) in reading materials, in contrary to
low-frequency letters (e.g., j, z, x), non-existing bigrams (e.g., bc,
pq) or non-existing trigrams (e.g., bcx, aev). It is suggested that
observers’ performance in word recognition could be linked to sta-
tistics of word elements, as shown by the effect of syllable fre-
quency (Barber, Vergara, & Carreiras, 2004) and letter bigram
frequency (Westbury & Buchanan, 2002) on word recognition.
More generally, it has been shown that the visual system can learn
the regularities of natural images and scenes through evolution
and experience, which helps the visual system make use of its lim-
ited neural resources in an optimal way (Geisler, 2008).
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could optimize the beneﬁt of expanding the size of the visual span
following perceptual learning by replacing trigrams of random
letters with chunks of three letters frequently encountered in read-
ing. We hypothesized that by repeatedly presenting visual stimuli
more speciﬁc to reading during perceptual learning, we could in-
crease the effect of learning on the size of the visual span, which
should then lead to higher reading speed. To test our hypothesis,
we trained normally-sighted observers to recognize trigrams
frequently encountered in the English language (trigrams that we
called reading trigrams). To take into account reading statistics,
the number of presentations of a trigram during training was
directly linked to its probability of occurrence in the English
language. We also made our learning procedure adaptive so as to
increase the number of presentations for reading trigrams that
were more difﬁcult to recognize: during the procedure, the proba-
bility of presentation of a given trigram was modiﬁed based on
whether or not the same trigram was correctly identiﬁed in a pre-
ceding trial. We expected that this speciﬁc training would be more
effective in inducing an improvement in the size of the visual span,
and thus lead to faster reading speed, compared with the conven-
tional method of using trigrams of random letters.
To anticipate our results, our training method led to an increase
in the size of the visual span, and was accompanied by an increase
in reading speed. However, the magnitudes of improvement were
not different from those of Chung, Legge, and Cheung (2004) in
which trigrams of random letters were used for training. Our result
suggests that the effect of the training was independent of the spe-
ciﬁc stimuli used.2. Methods
2.1. Observers
Seven young adults (aged 18–23) with corrected-to-normal
vision (20/20 or better acuity in each eye) participated in this
study. None of the observers had prior experience in the tasks used
in this study, or had participated in other experiments involving
testing of peripheral vision. Refractive errors were corrected by
glasses or contact lenses if necessary. Written informed consent
was obtained from each observer after the procedures of the exper-
iment were explained, and before the commencement of data
collection. The experimental protocol was approved by the Institu-
tional Review Board at the University of California, Berkeley.1 Among a total of 84 sets of data (7 observers  6 print sizes  pre/post-tests) that
related the proportion of words read correctly with word exposure duration, 76 of
them had the proportion correct of words read correctly ranging from an average of
0.25 to 0.89. For the other 8, the highest (raw) performance accuracy did not exceed
0.80, averaging 67% only. This occurred exclusively at the two smallest print sizes
(0.7 and 1). For these data-sets, the 80% criterion reading speed was extrapolated
based on the cumulative-Gaussian function ﬁt to the data.
2 The log–log slope of the ﬁrst line of the two-line ﬁt was constrained at 2.32 as this
was the value determined empirically in the study of Chung, Mansﬁeld, and Legge
(1998) in which they found that the slope of the ﬁrst line did not vary systematically
with eccentricity, and averaged 2.32 across all ﬁtted data-sets (six eccentricities and
six observers).2.2. Experimental design
The basic experimental design and training schedule followed
closely those of Chung, Legge, and Cheung (2004). Each observer
received a pre-test and a post-test with an intervening training
procedure consisting of four sessions, scheduled on four consecu-
tive days. The pre-test consisted of measurements of reading speed
as a function of print size, followed by a measurement of the vi-
sual-span proﬁle. The post-test consisted of a measurement of
the visual-span proﬁle, followed by measurements of reading
speed as a function of print size. The pre- and post-test each lasted
approximately 1.5–2 h. Training consisted of repeated measure-
ments of the visual span proﬁle, using the reading trigram stimuli
(see below). Most training sessions were completed in an hour. All
testings were performed binocularly at 10 below ﬁxation (in the
inferior visual ﬁeld), with observers seated at 32 cm from the
display.
Stimuli (trigrams and words) were generated on a Macintosh G4
computer with software written in Matlab 5.2.2 (The MathWorks,
MA), using the Psychophysics Toolbox extensions (Brainard,1997; Pelli, 1997), and were presented on a Sony color graphics
display monitor (Model# GDM-17E21, refresh rate = 75 Hz). All
stimuli were rendered in Courier font as black letters (0.2 cd/m2)
on a white background (45 cd/m2).2.3. Reading speed measurement
As part of the pre- and post-tests, oral reading speeds were
measured for six print sizes ranging from 0.7 to 4, using the rapid
serial visual presentation (RSVP) paradigm, i.e., words were pre-
sented one at a time in rapid succession, each for a ﬁxed exposure
duration (e.g., Chung, Mansﬁeld, & Legge, 1998; Chung, Legge, &
Cheung, 2004; Rubin & Turano, 1992, 1994). The psychophysical
procedures and the sentence set used were identical to those used
by Chung, Legge, and Cheung (2004). In brief, on each trial, a single
sentence was chosen randomly, without replacement, from a pool
of 2630 sentences extracted from classic literature. The observer,
while ﬁxating a ﬁxation line, read aloud words presented one at
a time at 10 below the ﬁxation line. We used the Method of
Constant Stimuli to present words at six exposure durations that
spanned a range of approximately one log unit. An experimenter
counted the number of words read correctly. There was no time
pressure on the response and observers were free to complete
verbalizing the words after the sentence was presented. The exper-
imenter also monitored the eye movements of the observers
during the presentation of words. A trial was discarded, and re-
tested using a different sentence, when vertical eye movements
away from ﬁxation were detected. Across all observers, approxi-
mately 10% of the trials were discarded.
For each combination of print size and duration, we calculated
the proportion of words read correctly by tallying across the six
sentences presented for the same condition. Then for each print
size tested, we used a cumulative-Gaussian function to ﬁt the set
of data relating the proportion of words read correctly with word
exposure duration.1 From the ﬁtted function, we derived our crite-
rion reading speed based on the word exposure duration that yielded
80% of words read correctly. Then, we plotted the criterion reading
speed as a function of print size (see Section 3), and ﬁt the data-
set using a two-line ﬁt (on log–log axes) to derive the two key mea-
surements of reading performance – maximum reading speed (MRS)
and critical print size (CPS, the smallest print size at which the max-
imum reading speed could still be attained). For the two-line ﬁt, we
followed the curve-ﬁtting paradigm that was used in Chung, Legge,
and Cheung (2004), with the slope of the ﬁrst line constrained at
2.32 and that of the second one ﬁxed at 0,2 so that we could compare
our results with those of Chung, Legge, and Cheung (2004).2.4. Pre- and post-test visual span proﬁle measurement
Visual-span proﬁles were measured using an identical letter-
recognition task as in Chung, Legge, and Cheung (2004). In brief,
on each trial, a trigram (a sequence of three lowercase letters ran-
domly chosen from the 26 letters of the alphabet) was presented
for 100 ms below the ﬁxation target at 10 eccentricity (Fig. 1).
Fig. 1. A schematic cartoon illustrating the trigram letter-recognition task. The
small black dot represents the ﬁxation target. Trigrams were presented at 10 below
the ﬁxation target. In this example, the trigram ‘‘spe’’ is presented at a letter
position (indexed by the middle letter) of 3 (three letter slots to the left of the
vertical midline). The light gray horizontal lines and numbers indicating letter
positions are for illustration purpose only, but were not presented on the actual
display.
3 The frequencies of occurrence of the 2000 reading trigrams used for training,
selected based on the British National Corpus, highly correlate with the frequencies of
occurrence of the same trigrams as appear in the set of sentences that we used for the
reading speed measurements (correlation coefﬁcient = 0.87).
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movements of the observers were monitored to ensure that
observers ﬁxated at the ﬁxation target. Letter size was 1.4 the
critical print size, as determined from the pre-test reading task.
We presented trigrams at 13 positions, indexed by the position
of the middle letter, from six letter slots left of the vertical midline
(letter slot 0 was 10 directly below ﬁxation) to six letter slots right
of the vertical midline. Each trigram position was tested 10 times
in a random order within a block of trials, yielding a total of 130
trials tested in each block. A letter was scored as being identiﬁed
correctly if and only if its order within the trigram was also correct.
To calculate the overall accuracy of letter identiﬁcation at each let-
ter slot, we combined the identiﬁcation scores across trials where
the letter slot was occupied by the left, middle or right letter of a
trigram. We then ﬁt each set of data relating proportion-correct
and letter position with a split-Gaussian function, representing
the visual-span proﬁle (Chung, Legge, & Cheung, 2004; Legge,
Mansﬁeld, & Chung, 2001). Curve-ﬁtting was restricted to data
within ﬁve letter slots left and right of ﬁxation because the sixth
letter slot left and right of ﬁxation did not contain trials where
the letter slot was occupied by the inner letter (the letter of a tri-
gram closest to ﬁxation). To quantify the size of the visual span, fol-
lowing Legge, Mansﬁeld, and Chung (2001) and Chung, Legge, and
Cheung (2004), we converted the identiﬁcation accuracy at each
letter slot to bits of mutual information transmitted by the visual
span. According to Information Theory (Shannon, 1948), mutual
information measures the amount of information that can be ob-
tained about one random variable by observing another. In other
words, it quantiﬁes the dependence between the joint probabilities
(the entropy or the uncertainty) of two events. With respect to our
task of letter identiﬁcation, the two events could be: what is the
probability of an observer’s response being an ‘a’ given a stimulus
letter ‘o’? Because there were 26 letters and there were many pairs
of possible stimulus–response ‘‘joint events’’, the mutual informa-
tion transmitted at a given letter slot ranged from zero bit for
chance accuracy of 0.0384 to approximately 4.7 bits (24.7 = 26)
for perfect identiﬁcation. To convert letter identiﬁcation accuracy
at a given letter slot to bits of mutual information transmitted,
we used the following equation which was derived based on con-
fusion matrices for single letter identiﬁcation determined empiri-
cally (Beckmann, 1998):
bits of information ¼ 0:037þ 4:676
 proportion correct of letter identification
Then we summed up the total bits of information transmitted
across all letter slots of the visual-span proﬁle. This method of
quantifying the visual span is akin to calculating the area under
the curve.2.5. Training
In Chung, Legge, and Cheung (2004), training consisted of 20
successive measurements of visual-span proﬁle conducted over
four sessions. In the current study, training was similar to that of
Chung, Legge, and Cheung (2004), with the exception that letters
within trigrams were not chosen at random. Instead, all trigrams
presented were chunks of three successive letters of the 30,000
most frequently occurring English words. We shall refer to these
trigrams with statistics that match those of English usage as read-
ing trigrams. We used the frequency of English words as reported
by the written part of the British National Corpus (The British Na-
tional Corpus, version 3 (2007), distributed by Oxford University) to
calculate the frequency of each reading trigram in English litera-
ture. A total of 7239 reading trigrams were extracted, constituting
approximately 40% of all possible random trigrams (letters chosen
randomly). The most-frequently occurring reading trigram is ‘‘the’’,
with a frequency greater than eight occurrences per 100 words.
In our study, we only presented the 2000 most-frequently
occurring reading trigrams during training (for a list of the 2000
reading trigrams used for training in this study, please see the Sup-
plemental information online).3 Other reading trigrams have very
low frequencies of occurrence and are very rare in the English lan-
guage (e.g., the number 2001 trigram ‘‘nuf’’ has a frequency of less
than 0.011 occurrence per 100 words). At the beginning of the train-
ing, we deﬁned the initial probability of presentation of a given read-
ing trigram for a speciﬁc letter slot (indexed by the middle letter of
the trigram) as the frequency of that reading trigram divided by the
sum of the frequencies of all the 2000 reading trigrams used during
training. Subsequent probability of presentation varied for each let-
ter slot during training according to the following rule: if the obser-
ver correctly identiﬁed all three letters of the reading trigram, the
probability that the same trigram would be subsequently presented
in the same slot was halved. However, when at least one letter error
occurred, the probability of the same trigram being subsequently
presented in the same slot was doubled. This adaptive procedure in-
creased the number of presentation of reading trigrams that were
difﬁcult to recognize and reduced the number of presentation of
readily identiﬁable reading trigrams. During training, observers were
not aware that the presented trigrams were reading trigrams derived
from words, and none of the observers noticed that only these read-
ing trigrams, instead of random trigrams, were presented. As for the
pre- and post-test visual-span measurements, eye movements of
observers were monitored by the experimenter to ensure that
observers’ ﬁxation was stable.
2.6. Data analyses
Each of the group-mean value reported in this paper represents
the mean of the values across observers ±95% conﬁdence intervals.
3. Results
Observers’ performance for identifying letters in the reading tri-
grams during training is presented in Fig. 2, where performance
accuracy (proportion-correct) for letter identiﬁcation is plotted as
a function of letter position. For these data, performance accuracy
for each letter position was calculated for trials pooled across those
in which the letter position was occupied by the left, middle or
right letters of trigrams. Performance accuracy was only plotted
for letter position (indexed by the middle letters of trigrams) with-
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Fig. 2. Visual-span proﬁles, plots of proportion correct of letter-recognition as a function of letter position, obtained during training are shown for individual observers.
Different colored symbols represent data obtained during different training sessions. The ﬁtted curve through each set of data is the split-Gaussian function (see text for
details). The shaded region in each panel represents the difference in performance accuracy between the pre- and post-tests.
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Fig. 3. The difference in the size of the visual span (quantiﬁed as bits of
information) relative to that obtained at the pre-test, is plotted for the four training
sessions (ﬁlled symbols) and the post-test (unﬁlled symbols). Small gray symbols
represent data of individual observers. Large black symbols represent the group-
averaged values. Error bars represent ±95% conﬁdence intervals.
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slots outside this range did not contain the same number of pre-
sentations of letters. Each panel in Fig. 2 presents the data for
one observer. The different colored symbols represent the overall
performance for one training session, based on 1300 trials. The
shaded region in each panel represents the difference in perfor-
mance between the pre- and post-test measurement using random
trigrams, with the lower bound of the shaded region representing
the pre-test performance while the upper bound representing the
post-test performance. To show more clearly the change in perfor-
mance from pre-test to the training sessions, and to post-test, we
plotted in Fig. 3 the difference in the size of the visual-span proﬁle
of a session relative to that of the pre-test, as a function of the test-
ing session (pre-test, training and post-test). The small symbols
represent data for individual observers while the larger symbols
represent the group-average data. For the training data, there
was an increase in the size of the visual span as training progressed
(repeated measures ANOVA: F(df=3,18) = 5.63, p = 0.007). Post-hoc
pair-wise comparison using the Tukey HSD test showed that the
only signiﬁcant difference in the size of the visual span was be-
tween the ﬁrst and the last training sessions. This result implies
that the increase in the size of the visual span was progressive over
time. Another interesting ﬁnding is that even though the pre- and
post-tests were measured using random trigrams, not the reading
trigrams as used during training, the post-test performance was
signiﬁcantly higher than that of the pre-test (average differ-
ence = 6.44 ± 1.53 bits, paired t-test: t(df=6) = 8.21, p = 0.0002). This
change in the size of the visual span was larger than that exhibited
by the no-training control group (1.49 ± 1.25 bits, for the lower vi-
sual ﬁeld measurements only) in Chung, Legge, and Cheung (2004)
in which observers attended only the pre- and post-test sessions
separated by four days and without any training. Further, there
was a signiﬁcant difference in the size of the visual span from
the pre-test to the ﬁrst training session (average differ-
ence = 4.51 ± 1.37 bits, paired t-test: t(df=6) = 6.44, p = 0.0007);however, the size of the visual span between the last training ses-
sion and the post-test was not signiﬁcantly different (average dif-
ference = 0.75 ± 0.90 bits, paired t-test: t(df=6) = 1.62, p = 0.16).
Because the pre- and post-test, and the training sessions used dif-
ferent types of trigrams, the signiﬁcance of these results will be
discussed in Section 4 in relation to whether learning was speciﬁc
to the (type of) trigrams used during training.
In Fig. 2, the lower and upper boundaries of the gray shaded
region represent the pre- and post-test visual-span proﬁles of the
Table 1
Pre-test and post-test values for the size of visual span, maximum reading speed and
critical print size for the seven observers.
Observer Visual span size
(bits)
Maximum reading speed
(wpm)
Critical print
size ()
Pre Post Pre Post Pre Post
AV 35.78 40.24 222.93 441.69 1.64 1.72
MB 25.70 33.02 109.74 194.54 1.48 1.73
MD 35.57 40.43 168.19 263.10 1.68 1.77
SD 23.02 33.34 249.65 432.98 1.62 1.71
VS 36.26 43.67 190.59 349.90 1.49 1.18
YR 31.58 37.39 134.98 192.60 1.17 1.43
YY 37.89 42.81 190.60 239.94 1.66 1.24
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sured using random trigrams, following the pre- and post-test pro-
tocol of Chung, Legge, and Cheung (2004). For all observers, the
post-test visual-span proﬁle was above that of the pre-test, imply-
ing an improvement in letter-recognition performance across most
letter positions following training. To facilitate the comparison of
the visual-span proﬁles before and after training, we quantiﬁed
the size of each visual span as bits of mutual information transmit-
ted. Table 1 compares the size of the visual span for the seven
observers before and after training. These data are also plotted in
Fig. 5a where all the data points lie above the 1:1 equality line,
implying an increase in the size of the visual span following train-
ing for all observers. Averaged across the seven observers, the size
of the visual span increased from 32.26 ± 4.28 [95% conﬁdence
interval] bits (range: 23.02–37.89 bits) before training to
38.70 ± 3.17 bits (range: 33.02–43.67 bits) after training. In other
words, the size of the visual span increased by an average of
6.44 bits (range: 4.46–10.31 bits) following training (paired t-test:
t(df=6) = 8.21, p = 0.0002).
Fig. 4 compares reading speeds for different print sizes before
and after training. Most observers demonstrated higher reading
speeds for a range of print sizes following training. To quantify
the reading performance, we ﬁt each set of reading speed vs. print
size data using a two-line ﬁt on log–log axes as described in Sec-
tion 2.3. We were interested in comparing two parameters of the
ﬁtted function: the value on the y-axis that corresponded to the
plateau, representing the MRS; and the intersection of the two
lines, representing the CPS.4 The pre- and post-test values of these
two parameters for each observer are shown in Table 1. The compar-
ison between the pre- and post-test measurements for MRS and CPS
are also shown in Fig. 5b and c respectively. Averaged across observ-
ers, log maximum reading speed increased from 2.24 ± 0.09 (corre-
sponding to 175.05 wpm, range: 109.74–249.65 wpm) at pre-tests
to 2.46 ± 0.11 (286.46 wpm, range: 192.60–441.69 wpm) at post-
tests, representing a 63.6% increase in maximum reading speed.
Fig. 5b shows that all the data points comparing maximum reading
speed before and after training lie above the 1:1 equality line, imply-
ing an improvement in the maximum reading speed following train-
ing for all observers (paired t-test: t(df=6) = 8.26, p = 0.0002).
However, there was no signiﬁcant difference in the critical print size4 We acknowledge that the two-line ﬁt, with the log–log slope of the ﬁrst line
constrained at 2.32, did not seem to ﬁt some data-sets adequately in Fig. 4. It is
possible that other functions would have been more appropriate for our data, for
example, if we did not constrain the slope of the ﬁrst line, or if we used an exponential
ﬁt (Cheung et al., 2008). However, we adhered to the same ﬁtting function (with the
slope of the ﬁrst line constrained at 2.32) as used by Chung, Legge, and Cheung (2004)
so that we could compare our results with theirs. Different ﬁtting methods would
likely yield similar maximum reading speed, but the critical print size could be
different (as the deﬁnition of the critical print size could vary for different ﬁtting
methods), which could make it difﬁcult for us to interpret and compare the results
between our study and that of Chung, Legge, and Cheung (2004).before (averaged = 1.54 ± 0.13, range: 1.17–1.68) and after (aver-
aged = 1.54 ± 0.19, range: 1.18–1.77) training, as shown by the
scattering of data points above and below the 1:1 equality line in
Fig. 5c (paired t-test: t(df=6) = 0.04, p = 0.97).
3.1. Comparison with the results of Chung, Legge, and Cheung (2004)
A central question of this study was whether training using
reading trigrams extracted from the frequently used English words
was more effective in enlarging the visual span and thus improving
reading speed than using random trigrams. Given that the experi-
mental procedures, analyses and parameters of interest followed
closely those of Chung, Legge, and Cheung (2004), we were able
to compare our results with those of Chung, Legge, and Cheung
(2004). For the comparison reported here, we only included results
from observers who were trained in the lower visual ﬁeld (also at
10 eccentricity) in Chung, Legge, and Cheung (2004).
3.1.1. Size of the visual span
The magnitude of improvement following perceptual learning
has been suggested to depend on the initial level of performance
(Fahle & Henke-Fahle, 1996; Yu et al., 2010). For the size of the vi-
sual span, the pre-test value averaged 32.26 ± 4.28 bits in this
study and 31.27 ± 3.91 bits in Chung, Legge, and Cheung (2004).
These values were not different from each other (two-sample t-
test: t(df=11) = 0.44, p = 0.67). Following training, the increase in
the size of the visual span, deﬁned as the difference in bits between
pre- and post-tests, averaged 6.44 ± 1.53 bits in this study, and was
not statistically different from an average of 7.37 ± 0.82 bits in
Chung et al. (two-sample t-test: t(df=11) = 0.99, p = 0.34; see also
Table 2).
3.1.2. Maximum reading speed
Just as for the size of the visual span, pre-test maximum reading
speeds were similar between this study and Chung, Legge, and
Cheung (2004). The pre-test log maximum reading speed averaged
2.24 ± 0.09 for this study and 2.28 ± 0.09 for Chung, Legge, and
Cheung (2004) (two-sample t-test: t(df=11) = 0.62, p = 0.55). Follow-
ing training, the improvement in the maximum reading speed, de-
ﬁned as the ratio of post- to pre-test value, averaged 63.6 ± 18.6%
in this study, and 45.7 ± 13.8% in Chung et al., which was not sta-
tistically different from each other (two-sample t-test:
t(df=11) = 1.62, p = 0.13; see also Table 2).
3.1.3. Critical print size
The average of the pre-test CPS values was 1.54 ± 0.13 for our
observers, which was larger than the averaged value of
1.15 ± 0.13 in Chung, Legge, and Cheung (2004) (two-sample t-
test: t(df=11) = 4.12, p = 0.002). However, in both experiments, there
was no signiﬁcant change in CPS following training.
4. Discussion
In a previous study, Chung, Legge, and Cheung (2004) studied
the effects of repeated presentations of trigrams composed of three
random letters at 10 eccentricity in the periphery, on the size of
the visual span and reading speed of six observers. This training
method signiﬁcantly improved the size of the visual span (aver-
aged 7.37 ± 0.82 bits) and the maximum reading speed of all
observers (averaged 45.7 ± 13.8%). In the present study, we
hypothesized that the improvements on the size of the visual span
and reading speed could be further enhanced by using reading
trigrams that match the frequently occurring regularities of how
letter combinations appear in English usage. Contrary to our pre-
diction, we found that the improvements following training with
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Fig. 5. Comparisons of (a) the size of the visual span (bits), (b) the maximum reading speed (wpm) and (c) the critical print size (deg) between pre- and post-tests. The dashed
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Table 2
Changes in the size of the visual span and maximum reading speed in the present study and in Chung, Legge, and Cheung (2004).
Present study (reading trigrams) Chung, Legge, and Cheung (2004) (random trigrams)
Size of visual span in bits (post–pre difference) (mean ± 95% CI) 6.44 ± 1.53 7.37 ± 0.82
Maximum reading speed (post/pre ratio) (mean ± 95% CI) 1.64 ± 0.19 1.46 ± 0.14
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22 J.-B. Bernard et al. / Vision Research 66 (2012) 17–25reading trigrams were not statistically different from Chung, Legge,
and Cheung (2004) who used random trigrams for training
(Table 2). Speciﬁcally, the size of the visual span improved by
6.44 ± 1.53 bits and the maximum reading speed improved by
63.6 ± 18.6%. Based on the similar magnitudes of improvement
between our study and that of Chung, Legge, and Cheung (2004),
we refuted our hypothesis that training using stimuli that observe
the frequently occurring regularities in English usage would bemore effective in improving reading speed than using random
trigrams.
Was our original hypothesis wrong? The primary measures of
our study were the visual-span proﬁle and reading speed. In rela-
tion to the visual-span proﬁle, Chung, Legge, and Cheung (2004)
used the same procedures and stimuli (random trigrams) to mea-
sure the visual-span proﬁle before, during and after training. Here,
we used random trigrams for the pre- and post-test measurements,
5 We used a pseudoword generator (Keuleers & Brysbaert, 2010) to classify non-
word trigrams as pseudo-words or not. It allows for the generation of written
pseudowords based on the orthographic deﬁnitions of syllables for a given language.
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ment as Chung, Legge, and Cheung (2004). This result suggests that
the visual span is limited by the bottom-up process of letter recog-
nition, as originally proposed by Legge, Mansﬁeld, and Chung
(2001), because the improvement following training does not de-
pend on whether the trigrams used during training are uncorre-
lated random letters, or correlated bigrams and/or trigrams that
are found in everyday English usage. It should be noted that not
only was the change in the size of the visual span between pre-
and post-test similar for the current study and Chung, Legge, and
Cheung (2004), the change in the size of the visual span across
training sessions was also similar between the two studies, again
implying that the visual-span proﬁle is limited by the bottom-up
process of letter recognition.
Fig. 3 shows that there is a signiﬁcant improvement in the size
of the visual span between the pre-test and the ﬁrst training ses-
sion, averaging 4.51 ± 1.37 bits. However, such a signiﬁcant
improvement was also found in Chung, Legge, and Cheung
(2004). A reanalysis of their data only for the group of observers
trained in the lower ﬁeld revealed that the size of the visual span
increased from 31.27 ± 3.91 bits at pre-test to 34.45 ± 4.00 bits at
the ﬁrst training session, representing an average increase of
3.18 ± 1.38 bits (paired t-test: t(df=5) = 4.51, p = 0.006). Given that
a large increase in the size of the visual span occurred on the ﬁrst
training session regardless of the type of trigrams used (reading
trigrams vs. random trigrams), the signiﬁcant increase cannot be
attributed to the different types of trigram stimuli used in the
pre-test and the ﬁrst training session in our study. Rather, the
improvement might represent some general learning of the
observers, for example, when to pay attention, or how to perform
the task in general. A common way to factor out the general
improvement due to merely performing the same task twice is to
compare the improvement of trained observers with that of
observers who did not receive any training. We did not include a
no-training control group in this study; however, Chung, Legge,
and Cheung (2004) included such a group. In their study, observers
in the no-training group received only pre- and post-tests that
were separated by four days, with no intervening training. Across
observers, the no-training control group performed better on both
the visual span and reading speed measurements on post-test,
compared with pre-test, but the differences were not statistically
different. This implies that the signiﬁcant improvement in the size
of the visual span following the ﬁrst training session is likely to be
due to genuine perceptual learning, instead of observers simply
learning when to pay attention or how to perform the task in
general.
An alternative explanation for the similar magnitudes of
improvement found in the present study and in Chung, Legge,
and Cheung (2004) is that our method of extracting reading tri-
grams from our set of sentences used for the reading task might
have included many trigrams that were neither real words nor
pseudo-words (strings of letters that are not words but are ortho-
graphically and phonologically word-plausible), such as ‘‘ssa’’,
‘‘tte’’, ‘‘gsi’’. There is evidence that letter identiﬁcation within letter
strings is more accurate and faster for words and pseudo-words
than for non-word letter strings – the word superiority and pseu-
do-word superiority effects (Coch &Mitra, 2010; Grainger & Jacobs,
2005; Proverbio, Vecchi, & Zani, 2004; Reicher, 1969). These advan-
tages of words and pseudo-words over non-words are usually
attributed to a high-level top-down mechanism (McClelland &
Rumelhart, 1981). Indeed, these word and pseudo-word superior-
ity effects were the basis of our hypothesis that reading trigrams
might be a more effective training stimulus than random trigrams.
In Chung, Legge, and Cheung (2004), because the trigrams used for
training were random sequences of letters, the majority of them
would be expected to be non-word letter strings. In our study, ifthe majority of the reading trigrams used for training were also
non-word random letter strings instead of words or pseudo-words,
then it would be of no surprise that the effectiveness of our train-
ing paradigm was so similar to that of Chung, Legge, and Cheung
(2004). An analysis of the reading trigrams used during training
in our study showed that 79% of the reading trigrams were words
or pseudo-words,5 while a similar analysis showed that only 17% of
the trigrams used during training in Chung, Legge, and Cheung
(2004) were words or pseudo-words. Despite the much larger pro-
portion of word and pseudo-word trigrams used during training in
our study, compared with Chung, Legge, and Cheung (2004), the
effectiveness of the training paradigms appeared to be the same,
providing further support for the bottom-up processing of letter rec-
ognition as a limitation on the visual span.
In relation to reading speed, Legge et al. (2001, 2007) postulated
that visual span is the bottleneck on reading speed. If so, then
based on our result that the change in the size of the visual-span
proﬁle was similar regardless of whether reading trigrams or ran-
dom trigrams were used for training, we would expect that the
change in reading speed that accompanied the change in visual
span would also be similar between the current study and Chung,
Legge, and Cheung (2004). In contrary, if our training protocol im-
proved observers’ ability to recognize frequently occurring bigrams
or trigrams (letters that are correlated with one another), or the
ability to holistically process chunks of letters in real words, then
the improvement in reading speed following training using reading
trigrams would be expected to be larger than training using ran-
dom trigrams. Our result shows that the former case was true, con-
sistent with the notion that visual span, which is limited by the
bottom-up process of letter recognition, is the bottleneck on read-
ing speed.
A piece of evidence illustrating that our training method did not
speciﬁcally improve observers’ ability to recognize reading ele-
ments (frequently occurring letters, bigrams or trigrams in English
usage) is shown in Fig. 6. This ﬁgure shows the difference in perfor-
mance accuracy between pre- and post-test for each letter ‘a’–‘z’, as
a function of the average number of presentation of the letter dur-
ing training and pre- and post-tests. Results are plotted separately
for the left, middle or right position of a trigram. Clearly, the
improvement in performance accuracy for a given letter does not
depend on the number of presentation of the letter, nor does it de-
pend on the pre-test performance for identifying the letter. For in-
stance, as the middle letter of a trigram, the letter ‘e’ was presented
729 ± 20 times and the letter ‘j’ only 44 ± 5 times during training.
Their pre-test recognition values were very similar (48 ± 11% and
49 ± 23%), but the post-test recognition value was only 59 ± 18%
for ‘e’ and 74 ± 15% for ‘j’. In other words, the efﬁcacy of our train-
ing on letter recognition does not depend on the number of times a
letter was presented during training. Our results, therefore, imply
that any improvement in letter recognition following our training
method is likely to be the result of a general letter recognition
improvement and is not speciﬁc to the particular letter, or combi-
nations of letters presented during training. Previously, Huckauf
and Nazir (2007) showed that observers improved only on the
set of trigrams presented during training, with very little transfer
of improvement to the recognition of letters in trigrams that were
not presented during training. However, in their study, the set of
trigram stimuli used was very small. Therefore, what their observ-
ers learned during training could be the speciﬁc combinations of
letters, or even the speciﬁc stimuli, instead of a general and genu-
ine letter recognition improvement. As such, there was very little
Fig. 6. The improvement in letter recognition performance between the pre- and post-test is plotted for each of the 26 letters of the alphabet, as a function of the number of
presentation of each letter. Data are plotted separately when the letters occupied the left, middle or the right letter slot of a trigram. The vertical line connecting a given letter
in each panel represents the difference in performance accuracy between the pre- (plotted in gray) and post-tests (plotted in black).
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study.
What is the ‘‘general improvement in letter recognition’’? To
recognize letters, we need to ﬁrst detect the letter features and
then integrate them to form a percept (Pelli et al., 2006). It has
been suggested that the feature integration process is erroneous
in the periphery when letters are in close proximity to each other,
as in this study. This phenomenon, called crowding, has been
attributed to an excessive integration of features from the target
and its ﬂanking elements (Levi, 2008; Pelli, Palomares, & Majaj,
2004), and thus could severely limit our ability to recognize letters.
Crowding has also been suggested as a major limiting factor on the
size of the visual span (Legge et al., 2007) and reading speed in the
periphery (Pelli et al., 2007). Recently, Sun, Chung, and Tjan (2010)
showed that the mechanism underlying the reduction of crowding
following training on identifying crowded letters is attributable to
the perceptual window being more capable of adjusting its size to
gather relevant input from the object of interest and its ﬂankers. In
other words, the feature integration process becomes more efﬁ-
cient with training. We expect that this is indeed what underlies
the general improvement in letter recognition for our observers.
Several caveats should be kept in mind when evaluating our
ﬁndings. First, in normal English usage, many reading trigrams
have speciﬁc relative locations within words. For instance, trigrams
‘‘ing’’ and ‘‘ion’’ almost always occur at the end of a word and these
words are usually relatively long, thus pushing the usual location
of these trigrams toward the right visual ﬁeld. In our study, each
reading trigram presented during training was randomly presented
at any of the letter position within six letter slots left and right of
the vertical midline. Therefore, some of the trials might not have
helped observers in recognizing common reading trigrams that
are more often found in other letter positions. A more effective
way to train observers to learn the regularities in combination of
letters in English usage might be to present reading trigrams
according to their usual locations in English words. Future studies
may need to consider the locations of (combinations of) letters as
they often appear in English words. Second, recognizing letters
within a trigram is intrinsically different from recognizing letters
within most English words because trigrams comprise only three
letters. If crowding is an important limiting factor on letter recog-
nition and that the underlying mechanism for improvement in
observers’ performance for identifying trigrams is an improved
efﬁciency in the feature integration process (see above), then our
trigrams might not have been the most effective stimuli as only
the middle letter of each trigram is crowded by letters on both
the right and left. A more effective stimulus could be pentagrams(sequences of ﬁve letters), however, correctly reporting the ﬁve let-
ters of each pentagram is very taxing on observers (Ortiz, 2002).
To conclude, we conﬁrm that perceptual learning using a tri-
gram letter recognition task in the periphery leads to an accompa-
nied improvement in reading speed. The effectiveness of the
trigram letter recognition task is similar whether the trigrams
are reading trigrams that respect the regularities of how letters
are combined in common English usage, or random trigrams,
implying that what observers learned during training was some
general aspects of letter recognition.
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